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Available online 6 June 2013Abstract Stem cell (SC) therapy is the main treatment modality for patients with limbal stem cell deficiency. If limbal
epithelial stem cells (LESC) can be more readily identified, isolated and maintained ex vivo, patients could be treated with
better quality grafts. With prior knowledge that vitronectin (VN) is present within the LESC niche and that it supports LESC in
vitro, we postulated that VN receptors (integrins αvβ3/5) are expressed by, and can be used to identify and isolate LESC.
Immunolocalization studies were conducted on human corneas. Corneas were also used to expand limbal epithelial cells from
either biopsies or enzyme-dissociated tissue and αvβ3/5 expression determined by flow cytometry. Integrin expressing cells
were isolated by magnetic activated cell sorting then assessed by immunocytology, colony forming efficiency, RT-PCR and
microarray analysis. Integrin αvβ5+ cells co-localized to N-cadherin+/CK-15+ putative LESC. αvβ5 was restricted to less than 4%
of the total limbal epithelial cells, which expressed higher levels of CK-15 and formed more colonies compared to αvβ5− cells.
Transcriptional profiling of αvβ5+/− cells by microarray identified several highly expressed interferon-inducible genes, which
localize to putative LESC. Integrin αvβ5 is a candidate LESC marker since its expression is restricted to the limbus and αvβ5+
limbal epithelial cells have phenotypic and functional properties of LESC. Knowledge of the niche's molecular composition and
the genes expressed by its SC will facilitate isolation and maintenance of these cells for therapeutic purposes.
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The multilayered avascular cornea plays an integral role in
vision and protects internal ocular structures from trauma
and infection. Cyclic shedding and self-renewal of the
corneal epithelium maintain clarity and integrity; a role
fulfilled in part by a rare population of basal limbal
epithelial stem cells (LESC). These cells are localized to
the limbus, a transition zone that segregates the cornea
from the adjacent and functionally diverse conjunctiva.
Compelling evidence that the limbus is the cornea's stem cell
(SC) repository comes from two key observations. Firstly,
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mented circumferential and slow centripetal epithelial
cell migration from the limbus towards the central cornea
during physiological epithelialization (Hanna and O'Brien,
1960; Buck, 1985; Nagasaki and Zhao, 2003; Collinson et al.,
2004; Mort et al., 2009; Douvaras et al., 2012) as well as
rapid proliferation of the same cells after a corneal injury
(Davanger and Evensen, 1971; Cotsarelis et al., 1989a).
Secondly, patients with severe injuries to the limbus develop
chronic conjunctivalization, a blinding manifestation that
can be treated by transplanting autologous or allogeneic
segments of limbal tissue or LESC (Kenyon and Tseng, 1989;
Shortt et al., 2007; Ahmad et al., 2010).
A unique feature of the cornea that distinguishes it from
other SC harboring organs is its transparency, and due to its
superficial anatomical location, the limbus is the only SC
niche in the body that is readily visualized by non-invasive
clinical methods such as slit-lamp and in vivo confocal
microscopy. Niches are anatomic locations that regulate
tissue regeneration and long-term survival and functionality
of SC through interactions with extracellular matrix (ECM)
and neighboring cells (Scadden, 2006). The physical and
chemical signals originating between cells, matrix glycopro-
teins and the three-dimensional spaces they form, facili-
tates molecular interactions that are critical for regulating
SC function. Histologically, LESC can be seen in small
clusters within papillae of the Palisades of Vogt (Schlozter-
Schrehardt et al., 2007). The Palisades of Vogt are a series
of vascular ridges, radially oriented, and more densely
arranged at the superior and the inferior limbal border
(Goldberg and Bron, 1982); they project deep into the
stroma, ensuring its SC are protected from trauma and
shearing stress (Cotsarelis et al., 1989b). Furthermore, their
close association with the stromal matrix and basement
membrane (BM), allows these cells to receive and respond to
cellular, ECM and paracrine signals which support their
longevity and self-renewal activity (Schlozter-Schrehardt et
al., 2007; Ljubimov et al., 1995).
The ability to identify SC in different organs has been
hampered by the lack of reliable and specific markers. An
ideal marker should facilitate their isolation and promote
subsequent expansion. Several genes have been suggested as
markers, however to meet the selection criteria, a robust
marker should be expressed in a restricted manner and
functional studies conducted to confirm its inclusion.
N-cadherin and CK-15 are two promising LESC markers that
have been used to localize limbal epithelial progenitor cells
(Yoshida et al., 2006; Higa et al., 2012, 2009; Davies et al.,
2009). However, there is still uncertainty as to whether
there exists an exclusive marker that distinguishes between
stem and early transient amplifying cells.
Characterizing the precise molecular composition of the
limbal niche has been another major limitation. It is known
that components of BM vary according to location and this
compositional heterogeneity may be responsible for differ-
ences in cell behavior (Kruegel and Miosge, 2010). On the
ocular surface, the stromal matrix and BM of the corneal,
limbal and conjunctival epithelia differ significantly (Schlozter-
Schrehardt et al., 2007; Ljubimov et al., 1995; Tuori et al.,
1996). Elegant tissue recombination studies using rabbit limbal
and central corneal epithelial sheets placed on either limbal
or corneal stroma have demonstrated that the limbal stromamaintained ‘stemness’, while the corneal stroma promoted
differentiation, proliferation and apoptosis (Espana et al.,
2003), further highlighting the critical nature of signals which
emanate from stromal elements. Some of the more abundant
proteins found in the limbal BM include collagen types VII, XVI
(Adams et al., 2006), IV (Echevarria et al., 2011) laminin
(LN)-α1, α2, β1 chains, agrin and vitronectin (VN) (Schlozter-
Schrehardt et al., 2007; Ljubimov et al., 1995). Given these
compositional differences, it is reasonable to propose that
receptors for these ligands on adjacent epithelial cells
are useful markers for identifying SC. A recent investigation
from our laboratory identified VN as an abundantly ex-
pressed protein in the human limbal, but not corneal BM,
which enhanced colony efficiency of limbal epithelial cells
(Echevarria et al., 2011). Interestingly, studies involving human
induced pluripotent SC and human embryonic SC validated the
use of VN as an in vitro substrate for supporting pluripotency,
without the need for fibroblast feeder cells (Braam et al., 2008;
Rowland et al., 2010). VN is a glycoprotein that anchors to ECM
molecules via its collagen or heparin binding domains (Schvartz
et al., 1999), promoting cell adhesion and migration through
Arginine–Glysine–Aspartate binding motifs (Ross, 2004) and is
recognized by VN receptors including αvβ3 and αvβ5 integrins.
Integrins are a superfamily of cell-surface receptors that
comprise heterodimers of α and β subunits. Currently, 24 α
and 9 β subunits have been identified, forming an array
of proteins, which can also interact with growth factor
receptors to transduce intracellular signals (Ross, 2004).
Integrins may be ideal markers for SC as their expression on
the plasma membrane provides a tethering site for isolating
cells. The current investigation identified αvβ5 integrin as a
candidate SC marker. Expression of this protein was used to
enrich for limbal epithelial progenitor cells which formed
holoclones in culture and expressed putative LESC markers.
Global mRNA profiling of integrin expressing cells identified
several interferon inducible genes whose function in the
cornea is yet to be determined but may be involved in the
migration and immunoregulation of LESC.
Materials and methods
Human ocular tissue
Formalin-fixed, paraffin-embedded cadaveric human whole
eyes (n = 5) and fresh donor corneal–scleral rims (n = 30)
were acquired from the Lions NSW Eye Bank (Sydney,
Australia) in accordance with the World Medical Association
Declaration of Helsinki regulations and approval by the
University of New South Wales Human Research Ethics Com-
mittee (HREC-11190).
Cell culture
Fresh human corneal–scleral rims (b96 h post-mortem delay)
were transported to the laboratory on ice in Optisol™ storage
medium (Chiron Ophthalmics, Irvine, CA). Limbal tissue was
excised from rims under a dissecting microscope, biopsies
were placed epithelium side-down in 6-well plates (CellStar™;
Greiner Bio-one, Frickenhausen, Germany), submerged in
media formulated for corneal epithelial progenitor cells
(CnT50; CellnTec™, Bern, Switzerland) and maintained at
890 P. Ordonez et al.37 °C in a humidified 5% CO2 incubator. Epithelial cells
migrated from tissue within 2–3 days, and prior to reaching
confluence explants were removed and cells sub-cultivated.
Enzymatic dissociation of cells from tissue was used as a
second isolation and expansion method. Briefly, the corneal
endotheliumwas debrided and corneas incubatedwith Dispase
II™ (2.4 U/ml; Roche Diagnostics, Indianapolis, IN) for 16 h
at 4 °C. Single cells and epithelial sheets were collected
in PBS, plated and subcultured as described above. All in
vitro experiments were conducted on early generation cells
(P0–P3).
Immunohistochemistry and immunofluorescence
Formalin-fixed, paraffin-embedded corneal tissue was
cut (4 μm) and processed for immunohistochemistry. To
unmask antigenic sites, sections were heated by micro-
waving in 0.01 M citrate buffer (pH 6.0) and endogenous
peroxidase activity quenched with 3% H2O2 in methanol.
Non-specific antibody (Ab) binding was blocked in 20% goat
serum diluted in 2% bovine serum albumin (BSA; Sigma,
Sydney, Australia) containing Tris-buffered saline (0.05 M
TBS, pH 7.6) for 30 min. Sections were incubated overnight
at 4 °C with predetermined dilutions of primary Ab (Supple-
mentary Table 1), then washed in TBS, before adding a
biotinylated goat-anti mouse secondary Ab for 30 min.
Sections were washed and incubated with horseradish perox-
idase (HRP)-conjugated streptavidin (Dako, Carpinteria, CA)
for 1 h and immunoreactivity developed after adding 3-amino-
9-ethyl carbazole (AEC; Sigma). Control reactions included
omitting the primary Ab and/or incubating sections with
an isotype control Ab (Supplementary Table 1). Tissue was
counterstained with hematoxylin and staining preserved
in aqueous mounting media (Crystal Mount™; ProSciTech,
Kirwan, Australia) after cover-slipping in DPX™ (Fronine
Laboratory Supplies, Sydney, Australia).
Immunofluorescence using appropriate primary Abs
(Supplementary Table 1) was conducted on ethanol-fixed
frozen tissue sections as well as on methanol-fixed limbal
epithelial cells cultured in 8-well chamber slides or on
cytospin preparations of αvβ5+/− isolated cells. Alexa-
Fluor® 488-conjugated goat anti-mouse and Alexa-Fluor®
568-conjugated goat anti-rabbit IgG secondary Abs (Invitrogen)
were co-incubated at room temperature, each at a final
dilution of 1:200. Primary and secondary Ab reaction time and
washing protocol were as described above. Sections were
mounted in anti-fade medium containing DAPI (Gold Anti-Fade
™; Invitrogen), fluorescence captured on a DP70 camera
(Olympus, Center Valley, PA) mounted on a BX51 light
microscope (Olympus), and images processed in Photoshop
v9.0 (Adobe, San Jose, CA).
Flow cytometry
Flow cytometry was performed on cell suspensions
(~1 × 106 cells) after dispensing primary (P0) limbal epithe-
lial cells into separate tubes, each with 10 μl of αvβ3, αvβ5
or an isotype control Ab (Supplementary Table 1). Cells
were washed and a goat anti-mouse IgGFITC conjugated
secondary Ab (ThermoScientic, Rockford, IL) added for 30 min
at 4 °C. Cells were fixed in 2% paraformaldehyde then passedthrough a FACS Calibur flow cytometer (Becton Dickinson, San
Jose, CA) and data processed with Cell Quest™ (Becton
Dickinson).
Magnetic-activated cell sorting
Human limbal epithelial cells were dislodged from their
plastic substratum by brief exposure to TryPLE™ (Invitrogen).
Cells were counted, incubated with a mouse anti-human αvβ5
Ab (Supplementary Table 1), washed in PBS then incubated
with goat-anti mouse IgG microbeads (Miltenyi Biotec Ltd.,
Surrey, UK). Cells were passed through a MS magnetic
activated cell sorting column (MACS™; Miltenyi Biotec) and
repeatedly washed with 10% BSA/PBS to remove unbound
cells. Bound cells were eluted by flushing the column with the
same buffer under pressure without a magnetic field. Integrin
αvβ5+/− cell fractions were collected, counted and used in
subsequent assays.
Colony forming assays
Integrin αvβ5+/− cells isolated by MACS, were seeded in
triplicate (400/well) on uncoated or on native VN (5 μg/ml)
(R&D Systems, Minneapolis, MN) in 6-well plates (Greiner
Bio-one). Colonies, defined as a cluster of greater than 12
cells, were stained with Rhodamine Blue (Sigma) after
14 days and counted by two researchers using a scoring
grid. All colonies were scored whether they were progres-
sively expanding or aborting. Colony forming efficiency
(CFE) was calculated using the formula [number of colonies
formed divided by the number of cells seeded per well (%)].
The use of CnT media (CellnTec™) in CFE assays, without
murine 3T3 feeder cells has been validated by others (Lu et
al., 2011) and used widely in our laboratory (Davies et al.,
2009; Echevarria et al., 2011).
Reverse transcription-polymerase chain
reaction (RT-PCR)
RNA was isolated (RNAgents™ Total RNA Extraction Kit;
Promega, Madison, WI), aliquoted and stored at −80 °C.
Total RNA (1 μg) was reverse transcribed (Superscript® III
RT; Invitrogen) following the manufacturer's protocol and
cDNA (1 μl) amplified by PCR using 4 μM of each forward and
reverse primer for CK-3 (Accession No. NM_057808, product
size 145 bp; 51-31 F-GGCAGAGATCGAGGGTGTC, R-GTCATCC
TTCGCCTGCTGTAG), CK-15 (Accession No. NM_002275.2,
product size 358 bp; 51-31 F-GAGAACTCACTGGCCGAGAC,
R-GGGACGTTTCTCCTGCAATA) and GAPDH (Accession No.
NM_0020461, product size 82 bp; 51-31 F-AATCCCATCACCA
TCTTCCA, R-TGGACTCCACGACGTACTCA). PCR conditions
included; 2 min at 95 °C to denature the double-stranded
cDNA, followed by 30–35 cycles of 95 °C, 60 °C, and 72 °C
each for 30 s, with a final 2 min extension at 72 °C. PCR
products were visualized on 1.6% agarose gels infused with
GelRed™ (Biotium Inc., Hayward, CA), bands were imaged
on the Gel Doc-XR™ (Bio Rad Laboratories, Hercules, CA)
then analyzed with Quantify One™ software (Bio Rad). A
Hyperladder IV™ (Bioline, Tauton, MA) was run in adjacent
lanes.
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Figure 1 Vitronectin and αvβ5 in the human cornea. Immunohistochemistry was performed on human corneas to localize VN (A–C) and
αvβ5 (D). An isotype Ab was used as a negative control (E). Immunoreactivity is denoted by red staining and hematoxylin (blue) was used as
the counterstain (D and E). Asterisks in panel (A) demarcate the beginning of Bowman's Layer (BL) and red arrows in panel (D) point to αvβ5+
basal limbal epithelial clusters. Photomicrographs were taken at the original magnification of ×400 (A–C) and ×1000 oil immersion (D and E).
891αvβ5 identifies limbal progenitor cellsMicroarray and data analysis
Microarray was performed by the Ramaciotti Centre for
Gene Function Analysis (University of New South Wales)
using the Affymetrix GeneChip PrimeView Human Gene
Expression Arrays (Affymetrix, Santa Clara, CA),which comprise
more than 53,000 probes covering over 36,000 transcripts and
variants. Total RNA (100 ng) was extracted from early passage,
MACS-isolated αvβ5+/− cells (n = 4 donors), quantified on a
NanoDrop® ND-1000 Spectrophotometer (Nanodrop Technolo-
gies, Wilmington, DE), reverse transcribed, amplified and
labeled with biotin (GeneChip 31 IVT Express Kit; Affymetrix)
following the manufacturer's instructions. Biotinylated aRNA
was fragmented and hybridized to eight GeneChips, which were
subsequently washed and stained on the FS-450 Fluidics Station
(Affymetrix). Signal intensity was monitored on the GeneChip
Scanner 3000 7G (Affymetrix) and CEL files imported into Partek
Genomics Suite 6.6 software (Partek, Inc., MO). One-way
ANOVA and a significance level set to p b 0.05 were used to
minimize false identification of genes. Genes that were
significantly up or down-regulated by greater than 1.5-fold
between αvβ5+/− cells were analyzed by hierarchical cluster-
ing (data not shown) using the Partek Genomics Suite 6.6
software (Partek).Statistical analysis
Statistical analyses were performed using Prism (Version
5.0b; Graphpad Software Inc., La Jolla, CA). A two-tailed
unpaired t-test was performed to ascertain significance.
Results are presented as mean ± standard deviation. p b 0.05
was considered significant.Results
Integrin αvβ5 expression in the human cornea
We previously showed (Echevarria et al., 2011), and now
confirm the restricted distribution of VN on the limbal BM
(Fig. 1). VN was intensely localized along the limbal BM
and within the limbal stroma (Fig. 1A) but diminished
significantly in peripheral (Fig. 1B) and disappeared from
the central corneal BM (Fig. 1C). In contrast, fibronectin
(a functionally and structurally related glycoprotein) was
uniformly distributed across the corneal (Supplementary
Fig. 1) and limbal BM (data not shown). Given LESC reside in
the basal limbal epithelium; we postulated that these cells
would be in direct contact with VN and likely to express VN
receptors. Indeed, αvβ5-integrin expression was identified
in basal limbal epithelial cells (Fig. 1D, red arrows). However,
the alternative receptor (αvβ3) was not detected in either the
corneal or limbal epithelium (data not shown).
To determine whether VN receptor-expressing cells co-
localized to putative LESC, Abs to CK-15 and N-cadherin (two
well described markers of LESC) were used and interchanged
as required. Notably, a number of basal limbal epithelial
cells co-expressed both CK-15 and N-cadherin (Supplementary
Fig. 2), a result that has been reported by others (Higa et al.,
2012, 2009). Using these reagents, the spatial distribution of
VN in relation to putative LESCwas confirmed as BM-associated
VN localized adjacent to clusters of N-cadherin+ basal limbal
epithelial cells (Figs. 2A–C). Similarly, αvβ5 co-localized to
N-cadherin+ limbal epithelial cells (Figs. 2D–F), while αvβ3
staining was not apparent within the epithelium (Figs. 2G–I).
Co-localization of αvβ5 and CK-15 was not possible as Abs to
both antigens were raised in mice. However, when a rabbit
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Figure 3 Integrin αvβ5 in cultured human limbal epithelial cells. Phase-contrast microscopy (A–D) was used to monitor the
morphology of primary (P0; A and B) and passaged (P3; C and D) human limbal epithelial cells cultured during expansion from limbal
biopsies (A) or following dispase-disaggregation from corneal tissue (B and inset B). Images were taken at ×100 final magnification.
Flow cytometry was performed on primary (P0) cells derived from explant (E) and dispase-acquired epithelial cells (F) for αvβ5
(red histograms), and αvβ3 (blue histograms). Results are representative of three individual donors.
893αvβ5 identifies limbal progenitor cellspolyclonal Ab directed against αv was used, a subset of CK-15+
basal limbal epithelial cells displayed integrin immunoreac-
tivity (Figs. 2J–L).Culture and isolation of αvβ5+ limbal epithelial cells
Segments of limbus (~2 mm2) from cadaveric human donor
corneal rims were explanted. Cells streamed from biopsies 2–
3 days post-explanting and became confluent within 2 weeks.Figure 2 Integrin αvβ5 co-localizes to limbal epithelial stem cells.
determine VN, αvβ5, αvβ3, CK-15 (A, D, G, J, respectively; green), N-
was counterstained with DAPI (blue) and images overlayed (C, F, I, L).
immunofluorescence (I, inset). Dotted lines in (A–C) outline clus
N-cadherin double-immunoreactive epithelial cells, while those in
epithelial cells. The epithelium is denoted by the letter (e). PhotomicExplant-derived primary cells were generally small and scarcely
populated with differentiated (vacuolated) cells (Fig. 3A).
Dispase-digested human corneo-scleral rims yielded single cells
as well as epithelial sheets which were seeded and allowed to
expand (Fig. 3B). Cells which emanated from these sheets were
small, rapidly proliferated and exhibited similar morphology to
explant-derived counterparts (Fig. 3A). Irrespective of the
culturemethod employed, passaged cells weremorphologically
identical (Figs. 3C and D). Flow cytometry on primary cells
expanded from either explant or dispase dissociation,Double immunofluorescence was conducted on human corneas to
cadherin (B, E, H; red) and αv-integrin (K; red) expression. Tissue
Sections co-incubated withmouse and rabbit Ig Abs developed no
ters of putative LESC. Arrows in panels (D–F) identify αvβ5/
panels (J–L) identify CK-15/αv double-positive basal limbal
rographs were taken at ×400 (A–I) and ×1000 oil immersion (J–L).
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Figure 4 Isolating αvβ5 expressing limbal epithelial cells by
MACS. Percentage of αvβ5+/− limbal epithelial cells after MACS
is graphically displayed as mean ± standard deviation of fourteen
different donors and asterisks denote p b 0.01.
894 P. Ordonez et al.comprised a minor population of αvβ5+ (Figs. 3E and F;
right-shift in red histograms). Integrin αvβ3 was not detected
in these cultures (Figs. 3E and F, blue histograms), corroborat-
ing the in vivo immuno-localization data (Fig. 2G).Isolation, characterization and functional activity of
αvβ5+ limbal epithelial cells
Next, αvβ5+ human limbal epithelial cells were isolated by
MACS, and irrespective of method employed for cultivating
primary cells (i.e. explants or dispase-dissociation), ~3% of the
total limbal epithelial cells were found to express αvβ5
(p b 0.01) (Fig. 4). Given CK-15 expression is absent from
the central corneal epithelium but illuminates basal limbal
epithelial cells (Supplementary Fig. 2A and Figs. 2J and 5A)
(Yoshida et al., 2006; Figueira et al., 2007), we used
this marker as an indicator of limbal epithelial progenitor
cells after panning. Immunofluorescence conducted on MACS-
isolated cytospin preparations demonstrated a higher
percentage of CK-15+ limbal epithelial cells in αvβ5+
(36.5 ± 4.4%) compared to αvβ5− (14.3 ± 2.7%) fraction-
ated cells (Figs. 5B–D). In addition, significantly less
CK-3/12+ limbal epithelial cells were found in αvβ5+
cells (8.7 ± 2.5%) compared to αvβ5− (36.1 ± 7.6%) frac-
tionated cells (Figs. 5E–G). The CK-3/12+ cells identified
amongst the αvβ5− limbal epithelial cells were larger
in size, implying that they are likely differentiated
(Fig. 5F). Further phenotypic characterization revealed
that αvβ5+ cells expressed lower (~3.5-fold) mRNA
transcripts for the corneal differentiation marker CK-3
but higher expression (~2-fold) of the progenitor cell
marker CK-15 compared to αvβ5− cells (Fig. 5H).
In order to assess the functional activity of integrin-
isolated cells, an equivalent number of αvβ5+/− cells were
seeded on uncoated and VN-coated tissue culture plates.
CFE, a measure of SC activity, was higher in αvβ5+ when
compared to αvβ5− cells but only reached significance on
uncoated surfaces (p b 0.05; Fig. 6). Moreover, colonies that
formed from αvβ5+ cells were larger, densely populated,
contained smooth edges and resembled holoclones, while
those from αvβ5− cells were smaller and sparsely populated,
suggesting that they were derived from cells with less pro-
liferative potential which formed aborting colonies (Fig. 6).Profiling αvβ5+/− cells by microarray analysis and
validation studies
A broader insight into the genes expressed by αvβ5+/− was
achieved by analyzing cells from four independent donors by
microarray. Of the top 12 over-expressed genes, four encoded
for interferon inducible proteins, namely CXCL11/ITAC,
CXCL10/IP-10, interferon-induced protein 44 (IFI44) and
interferon-induced protein 44-like (IFI44L) (Supplementary
Table 2). Immunofluorescence was performed to confirm the
microarray data and determine the distribution of ITAC and
IP-10 within the human cornea. ITAC was mainly confined to
the limbal epithelium, more intense in basal epithelial cells
that expressed CK-15, but also (and less intensely) expressed
by suprabasal limbal epithelial cells (Figs. 7A–C). Staining for
IP-10 was more selective than for ITAC as it co-localized to
clusters of CK-15 expressing basal limbal epithelial progenitor
cells (Figs. 7D–F). IP-10 distribution was confirmed with a
second Ab clone (Supplementary Table 1, R&D Systems; data
not shown). Given CXCR3 is the receptor for ITAC and IP-10
(Nedjai et al., 2012); its expression was determined and found
to coincide with IP-10 expressing basal limbal epithelial cells
(Figs. 7G–I). CXCR3 was also expressed by stromal cells within
the limbus but these cells were not characterized (not shown).
Finally, we confirmed that αvβ5+ basal limbal epithelial cells
co-express IP-10 (Figs. 7J–L).
The tissue expression data displayed in Figs. 2 and 7 was
confirmed on cytospin cell preparations where it was observed
that αvβ5+ cells were comprised of CK-15/N-cadherin and
CK-15/IP-10 double positive cells (Figs. 8A–C and D–F,
respectively) and when total (unsorted) limbal epithelial cells
were cultured on glass slides, a small proportion of these cells
were αvβ5/N-cadherin and αvβ5/IP-10 double immunoreac-
tive (Figs. 8G–I and J–L, respectively).
Discussion
In this study we describe the localization of the VN receptor
αvβ5-integrin on putative LESC (Figs. 1, 2, 7 and 8).
Furthermore, cell-surface αvβ5 was used to tether, isolate
and enrich a population of presumed limbal epithelial pro-
genitor cells based on phenotypic and functional attributes
(Figs. 5 and 6). Our recent description of the distribution of VN
on the limbal but not corneal BM (Echevarria et al., 2011) is also
corroborated in the current investigation (Figs. 1 and 2). Finally,
after performing microarray analysis, the global transcriptional
profile of these cells revealed enhanced expression of several
previously undescribed immune-regulatory genes (Supplemen-
tary Table 2) that we propose play a key role in cell migration
and maintaining LESC homeostasis through immune-protection.
To improve on current enrichment and expansion strat-
egies and to identify better markers of LESC, it will be
necessary to determine the precise protein constituents of
the niche. It is well documented that the BM composition of
the cornea, limbus and conjunctiva differs considerably,
with several factors more prominent in the limbal compared
to the corneal and/or conjunctival BM (Schlozter-Schrehardt
et al., 2007; Ljubimov et al., 1995; Tuori et al., 1996). VN is
one such protein, which co-localized to vimentin+ clusters of
basal limbal epithelial progenitor cells (Schlozter-Schrehardt
et al., 2007). During embryological development, the ECM
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Figure 5 Integrin αvβ5 enriches for CK-15 expressing limbal epithelial cells. A representative human cornea was sectioned along
the corneal–limbal axis to display CK-15 expressing cells (green) by immunofluorescence (A, ×200 final magnification). White arrows
indicate clusters of immunoreactive cells and arrowheads point to decreased CK-15 expression in superficial limbal epithelial cells.
The hatched box encapsulates two clusters of CK-15+ basal cells and this region is further magnified (inset A, ×400).
Immunofluorescence for CK-15 (B and C) and CK-3/12 (E and F) was performed on cytospin preparations of αvβ5+ (B and E) and
αvβ5− (C and F) cells isolated following MACS (×400, final magnification). Cell nuclei were counterstained with DAPI (A–C, E and F).
Results are graphically displayed as mean ± standard deviation for the percentage of CK-15 (D) and CK-3/12 (G) expressing cells.
Asterisk denotes p b 0.001. RT-PCR was used to determine mRNA expression for CK-3 and CK-15 using RNA extracted from αvβ5+/−
cells following MACS (H). Gene expression was standardized to GAPDH. PCR controls included RNA that was not reverse transcribed
and reactions without primer pairs for which no products formed (not shown). Results are derived from two independent donors.
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Figure 6 Colony forming efficiency in αvβ5+/− isolated cells.
Integrinαvβ5+/− fractionated cells were seeded on either uncoated
(red bars) or on native VN-coated (blue bars) tissue culture plastic
and CFE determined. Colonies were stained with Rhodamine Blue
and imaged by conventional photography (upper panels). Bars
represent mean CFE from three replicate experiments ± standard
deviation. Asterisk (*) denotes p b 0.05 and (ns) signifies no
significant difference.
896 P. Ordonez et al.protein tenascin-C is widely expressed in preterm, less abun-
dant in neonatal and restricted to the limbal border in the
infant and adult human cornea (Maseruka et al., 2000). This
pattern of expression resembles the distribution of LESC in the
human fetal and adult cornea (Davies et al., 2009; Rodrigues et
al., 1987) and suggests that deposition of ECM and BM proteins
during development is critical for establishing the SC niche in
adulthood. Our unpublished observations suggest VN may be
locally synthesized by early progenitor cells during embryonic
development and deposited on the BM prior to birth. It is also
possible that VN is made by corneal mesenchymal cells or is
blood-derived from the local limbal vasculature. Notably,
fibronectin was widely distributed across the adult corneal,
limbal and conjunctival BM (Supplementary Fig. 1) (Schlozter-
Schrehardt et al., 2007), suggesting that it is less likely to
act as a specific LESC support factor, although it has been
shown to inhibit terminal differentiation of human epidermal
keratinocytes (Adams and Watt, 1989).
Our investigation is not the first to document integrin
expression in the cornea. Others have shown differential
expression of these adhesion molecules across the corneal
epithelium. The reason for the altered expression pattern is
not well understood but may be dependent on developmental
and patho-physiological cues (Stepp et al., 1993; Stepp, 2006;
Bystrom et al., 2009; Carter, 2009) and likely influenced by
locally deposited ligands within the BM or stroma. Our results
are congruent with previous studies that identified αvβ5 in the
basal limbal epithelium with no αvβ3 in the corneal and limbalepithelium (Figs. 2G–I) (Lauweryns et al., 1993; Rayner et al.,
1998). However, unlike the current study, those investigations
were not supported by co-localization, functional, and molec-
ular analyses. Interestingly, other integrins including α6, have
been used to enrich for a minor population of small clonogenic
cells that expressed LESC antigens (Hayashi et al., 2008) and
α9-integrin illuminated presumed LESC; although this marker
was regarded less specific, due to its inability to distinguish
between quiescent LESC and early transient amplifying cells
(Pajoohesh-Ganji et al., 2004; Chen et al., 2004). If integrins
such as αvβ5 are critical for supporting SC, then genetic
ablation should have significant patho-physiological conse-
quences. Indeed, keratinocytes from β5-integrin deficient
mice have impaired adhesion and migration to VN, despite
their normal development (Huang et al., 2000). In contrast,
αv-depletion is embryonically lethal in 80% of mice, and
live-born have major developmental and organ-dysfunction,
dying soon after birth (Bader et al., 1998). To our knowledge
the impact of deleting αv and/or β5 in the cornea has not
been reported, although mice lacking αvβ5 develop blindness
due to retinal dysfunction (Nandrot et al., 2004), and those
that are devoid of epithelial-specific αv-integrin develop
tumors of the conjunctiva and eyelid skin (McCarty et al.,
2008). These findings suggest that integrin–ECM coupling is a
mechanism that regulates differentiation, proliferation and
transformation.
A limitation that has hampered progress in the study of
LESC is the lack of specific markers (Lavker and Sun, 2000). It
is well documented that LESC are aligned along the basal
limbal epithelium (Chen et al., 2004), and N-cadherin (Higa
et al., 2012; Higa et al., 2009) and CK-15 (Yoshida et al.,
2006; Higa et al., 2012; Davies et al., 2009; Figueira et al.,
2007) are amongst the more reliable markers for these cells.
Our report now identifies αvβ5 integrin as an additional LESC
antigen. Although ours is the first comprehensive report
on the selective expression of αvβ5 in limbal progenitor
cells, in other organ systems, αv and αvβ5 were used to
identify murine osteoclast precursors (Inoue et al., 1998)
and contributed to endocrine progenitor cell migration in
the developing pancreas (Cirulli et al., 2000). Furthermore,
these integrins have been shown to partake in oligodendro-
cyte precursor cell migration, a process necessary for
repairing the central nervous system during remyelination
(Zhao et al., 2009); αvβ5 promotes muscle precursor cell
adhesion (Sinanan et al., 2008) and is implicated in the
development of endoderm from embryonic SC (Wong et al.,
2010).
In our investigation, human limbal epithelial cells were
propagated from either explanted tissue or enzymatic-
dissociation of corneal–limbal rims (Koizumi et al., 2002).
These two methods have advantages and disadvantages.
Explant-derived cells are more likely to retain a specific
phenotype since the tissue location is selected. Moreover,
these cells have a short-term supply of niche-specific signals
during their expansion, but the time required to reach
confluence in primary culture is longer and contamination
from stromal fibrocytes can be an issue. In contrast, cells
cultivated after dispase-dissociation expand more readily as
the initial yield is higher, they also exhibit greater structural
integrity and are thought to be superior morphologically to
cells expanded from tissue segments (Koizumi et al., 2002);
however our data would suggest otherwise (Figs. 3C and D).
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Figure 7 Localization of IFN-inducible chemokines to LESC in tissue specimens. Double immunofluorescence was performed on
human corneas to determine CK-15 (A and D; green), ITAC (B; red), IP-10 (E, H, K; red), CXCR3 (G; green) and αvβ5 (J; green)
expression. Some sections were counterstained with DAPI (blue) and images triple merged (C and I) or double merged (F and L).
Arrows in (A and B) point to clusters of basal cells with intense immunoreactivity. All photomicrographs were taken under oil
immersion (×1000 final magnification).
897αvβ5 identifies limbal progenitor cellsAlternative enzyme systems such as trypsin have been used
to detach limbal epithelial cells from their native repository;
however cells isolated by this method rapidly lose their SC
phenotype (Vascotto and Griffith, 2006). When collagenase
is used, limbal epithelial progenitors, as well as their closely
associated mesenchymal niche cells are detached, and when
co-cultured, LESC function and phenotype are effectively
maintained (Chen et al., 2011), further evidence that
stromal cells and niche factors are required for effective
ex vivo expansion. The premise for using dispase in our study
was to pan for a pure population of αvβ5+/− limbal epithelial
cells free of contaminating corneal mesenchymal cells (Chen
et al., 2011) as well as vascular endothelial cells (Caiado and
Dias, 2012) and T-lymphocytes (Luzina et al., 2009) which
are known to express this integrin. However, we acknowl-
edge that dispase is not as effective at releasing all basal
limbal epithelial progenitors as is collagenase (Chen et al.,2011), therefore we may not have collected the entire
population of LESC using our method.
Our tissue localization studies (Figs. 1, 2 and 7) confirmed
the restricted expression of αvβ5 within the limbus, and the
fact that αvβ5-enriched cells support higher CFE (Fig. 6)
suggests that this integrin could be useful and an alternative
LESC marker. We cannot accurately comment on whether
αvβ5 is better than currently used markers, as comprehensive
comparisons were not performed. Certainly, it is co-expressed
by CK-15 and N-cadherin positive cells (Figs. 2, 7, and 8), and
its cell-surface location renders it advantageous for isolating
and sorting cells. Notably, when αvβ5+ were plated on
VN-coated surfaces, although more colonies formed, a level
of significance was not reached (Fig. 6). We suspect that
the anti-αvβ5-coated magnetic beads remain cell-bound, as
shown by others (Coxon et al., 2012), thereby preventing
receptor/ligand (αvβ5/VN) interactions, potentially forcing
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Figure 8 Localization of IFN-inducible chemokines in panned and cultured LESC. Double immunofluorescence was performed on
αvβ5+ isolated cell cytospin preparations (A–F) or on total limbal epithelial cells cultured on glass slides (G–L). Immunoreactivity was
determined for CK-15 (A and D; green), αvβ5 (G and J; green), N-cadherin (B and H; red) and IP-10 (E and K; red). Cells were
counterstained with DAPI (blue) and images triple merged (C, F, I, L). All photomicrographs were taken under oil immersion (×1000
final magnification). Low passage (P0 or P1) cells were used in these experiments.
898 P. Ordonez et al.cells to undergo apoptosis, a process recently identified in
human breast cancer cells expressing αvβ3 (Staflin et al.,
2010).
Little is known about the immune-regulatory factors that
support and protect LESC. However, these cells lack HLA-DR
and were unable to induce allogeneic T-cell proliferation,
and when treated with interferon-γ, they over-expressed
B7-H1, indoleamine 2, 3-dioxygenase and HLA-G (Vasani et
al., 2011). These factors suppress T-cell activation and are
likely to contribute to the immune privileged status of LESC.
Bian et al. (2010a) demonstrated that limbal epithelial
progenitors produce glial cell-derived neurotrophic factor,
which suppressed Th17-induced inflammatory stress via the
NF-κB signaling pathway. In addition, LESC express anti-
apoptotic factors which safeguard against cell-mediated
cytotoxicity and apoptotic enhancing factors (Holan et al.,2010). Furthermore, when limbal epithelial cells were co-
cultured with limbal stromal fibroblasts, expression of LESC
markers and holoclones were preserved through the produc-
tion of IL-6 (Notara et al., 2010). Using a similar in vitromodel,
others reported sphere formation when LESC and their
adjacent mesenchymal niche cells were combined and that
this union was dependent on the expression of CXCL12/stromal
cell-derived factor-1 by epithelial progenitor cells and its
receptor CXCR4 by stromal niche cells (Xie et al., 2011).
Over the past few years, a multitude of investigations
have attempted to identify markers and signaling pathways
associated of LESC through the use of global transcriptional
profiling (Nieto-Miguel et al., 2011; Takacs et al., 2011;
Akinci et al., 2009; Bian et al., 2010b; Albert et al., 2012).
We performed a similar assay to profile the genes differen-
tially modulated between two phenotypically and
899αvβ5 identifies limbal progenitor cellsfunctionally diverse epithelial populations (αvβ5+/−) that
were derived from the same region on the ocular surface.
Amongst the highest expressed genes were four
interferon-dependent proteins, including CXCL11/ITAC,
CXCL10/IP-10, IFI44, and IFI44L (Supplementary Table 2).
The reasons why limbal epithelial progenitors express these
factors are unknown. Although it is known that chemokines
are chemotactic not only for leukocytes, but also for
non-hematopoietic cells including epithelial cells, fibro-
blasts and endothelial cells (Zlotnik and Yoshie, 2000). Thus,
it is tempting to speculate that chemokines and their
receptors may be involved in the deployment and centrip-
etal migration of SC from the limbal perimeter under
physiological and wound-healing conditions. Secondly, we
suspect chemokines contribute to the immune-protective
and immune-privilege status of limbal niche (Holan et al.,
2010). For example, IP-10 elicits strong anti-tumor,
anti-metastatic (Keyser et al., 2004), anti-angiogenic
(Bodnar et al., 2009; Yang et al., 2009), and anti-viral
(Yang et al., 2009) activities, and in addition to ITAC, is
capable of recruiting mesenchymal SC (Kalwitz et al., 2010)
which have been identified and isolated from the limbal
stroma (Branch et al., 2012; Garfias et al., 2012) and are
themselves immunosuppressive (Garfias et al., 2012).
In keep with our observation that chemokines are highly
expressed by limbal progenitors, others have identified
CXCL12 as the most highly expressed gene by LESC compared
to central cornea epithelial cells by microarray (Nieto-
Miguel et al., 2011). In a similar study, Takacs and col-
leagues identified CXCL2/MIP-2 and CXCR4 as highly up-
regulated in their human genome expression array (Takacs
et al., 2011). Curiously, they also noted high expression of
interferon-induced transmembrane protein-1 (IFITM1) and
IFITM2 in their arrays. Likewise, Akinci and co-authors
discovered CXCR4 as the most highly up-regulated gene in
porcine limbal side population cells compared to non-side
population cells (Akinci et al., 2009). Bian et al. (2010b)
characterized the molecular signature and biological path-
ways of limbal epithelial cell that were rapidly adherent to
collagen type IV (regarded as having progenitor-like qualities
Li et al., 2005), in which they identified Chromosome 10
open reading frame 10 (C10orf10) as the second highest gene
expressed in adherent, compared to non-adherent cells. Our
analysis unveiled a related member (C10orf116) as the
highest expressed gene (Supplementary Table 2); however the
precise function of these genes is currently unknown. Bian
et al. also identified down-regulation of carcinoembryonic
antigen-related cell adhesion molecules (CEACAM)-1, 5, 6, and
7 (Bian et al., 2010b), a result which contrasted with the
enhanced expression of CEACAM-6 in our array (Supplementary
Table 2). These differences could be related to the phenotype
of cells used in each study. We also identified kallikrein-
related peptidase 6 (KLK6), a gene found by Albert et al. in
LESC cultured on lens capsules (Albert et al., 2012). Future
investigations will focus on determining the role of interferon
and chemokine signaling in supporting LESC function.
Although knowledge of the anatomy and compositional
make-up of the limbal niche has grown exponentially over the
past decade, there is still much to be discovered about this
unique SC repository. Elucidating the precise molecular
components of the BM may inform researchers as to the
conditions for effective expansion of LESC, while preservingtheir phenotype. Moreover, single or combinations of ECM
factors could be used as surrogate BM in culture models to
support syngeneic LESC or to reprogram autologous or
allogeneic SC from related (conjunctival) or diverse (nasal
andmucosal) secretory epithelia into cells of a corneal lineage
for clinical applications. Given the transitional expression of
BM components (including VN) on the ocular surface, it is
reasonable to propose that LESC express a unique repertoire of
adhesion molecules, and integrins such as αvβ5 may be ideal
markers to discriminate progenitor cells from their progeny.
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.scr.2013.05.013.
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